Objective-To determine if prostate tumour volume is an independent prognostic factor in a contemporary cohort of men who had a radical prostatectomy (RP) for clinically localized disease, as the effect of tumour volume on prostate cancer outcomes has not been consistently shown in the era of widespread screening with prostate-specific antigen (PSA).
Introduction
The general principles of tumour biology stress the importance of tumour volume and its role in predicting clinical oncological behaviour [1] . Historically, this relationship was thought to apply to prostate cancer. Indeed, tumour volume has been shown to be proportional to well established predictive indicators including PSA level, Gleason grade, surgical margin (SM) status and pathological stage [2] . Despite these associations, tumour volume has not been consistently shown to be an independent predictor of the outcome after radical prostatectomy (RP), especially when pathological grade and stage are taken into account.
Two opposing studies are often cited for the importance of tumour volume in predicting biochemical failure after RP. Stamey et al. [2, 3] showed that cancer volume was independently associated with prostate cancer progression, when controlling for PSA level, grade and stage, in men who had surgery from 1983 to 1992. Epstein et al. [4] subsequently reported that tumour volume did not provide additional prognostic information beyond Gleason grade and surgical margin status in men treated with RP from 1982 to 1988. Notably, both studies were conducted before the widespread use of PSA screening.
The effect of tumour volume on prostate cancer outcomes as an independent predictor continues to be controversial in the PSA era, in which ever more low-volume, low-grade cancers are diagnosed [5, 6] . A few recent studies have sought to answer this question, but no consensus has been reached. Thus, our objective was to determine if prostate tumour volume is an independent prognostic factor in a contemporary cohort of men who had RP for clinically localized disease.
Patients and methods
All men undergoing RP at our institution are entered prospectively into the University of California, San Francisco Urologic Oncology Data Base, which gathers staging/risk assessment, intraoperative, pathological, health-related quality of life and outcomes data. Between 1998 and 2007, 2138 patients had RP as monotherapy for localized prostate cancer and consented to have their clinical data included in the registry. Of these men, 738 had missing or unknown tumour volume and 486 had < 6 months of documented follow-up; 914 patients were therefore eligible for the current analysis. Also, 58 men had missing data on one or more tumour characteristics, leaving 856 patients for inclusion in the multivariate analysis. None of the included patients received neoadjuvant or adjuvant therapy. Preoperative PSA levels were obtained for all patients. Participating men provided written, informed consent for their de-identified data to be included in the database under supervision of the institutional review board.
Prostate specimens were submitted in their entirety and evaluated after fixation in formalin. Specimens were sectioned transversely in 3-mm intervals. Tumour volume was determined using a visual estimation. The area of tumour was measured in x and y diameters and multiplied by the depth, based on presence of tumour in subsequent sections and the thickness of sections. The sum total of all foci of tumour was the estimated tumour volume. This method of visual estimation was previously described and validated in other studies [7] . Primary and secondary Gleason grade was documented for each patient. The presence of extracapsular extension (ECE), seminal vesicle invasion (SVI), lymph node invasion (LNI) and SM status was noted.
Cox proportional hazards regression and Kaplan-Meier survival analysis were used to examine the relationship between pathological tumour volume and biochemical progression. For these analyses, tumour volume was compared as both a continuous and categorized ordinal (< 0.26, 0.26-0.50, 0.51-1.00, 1.01-2.00, 2.01-4.00, > 4.00 mL) variable. This categorization yielded approximate quintiles of volume, except that the smallest quintile was further divided in half. Kaplan-Meier survival curves were also generated for the subset of organ-confined tumours with negative SMs. A multivariable analysis was conducted controlling for PSA level, Gleason score, ECE, SVI, LNI and SM status. Biochemical recurrence was defined as a PSA level of > 0.2 ng/mL on two occasions after RP, or the initiation of secondary treatment ≥□6 months after surgery [8, 9] .
Results
The patient characteristics are shown in Table 1 ; most patients had a preoperative PSA level of < 10 ng/mL (80%) and pathology negative for ECE (74%), SVI (94%), LNI (98%) and SM (82%); most also had a Gleason score of ≤□7 (90%). The follow-up after RP was 0.5-14 years; there was a biochemical recurrence in 95 men (10%) during this period, with a median time to recurrence of 14 months, and a median follow-up of 24 months for those who did not have a recurrence.
Tumour volume did not correlate with biochemical survival on univariate analysis as a continuous variable (hazard ratio 1.00, P = 0.09, 95% CI 0.999-1.008). When volume was instead analysed as a categorized variable, hazard ratios for biochemical progression tended to increase with increasing tumour volume. However, the only statistically significant difference was for tumour volumes of > 4 mL (P < 0.05; Table 2 ).
After controlling for known independent predictors of prostate cancer recurrence, no tumour volume was an independent predictor of outcome. As expected, PSA level, Gleason score, ECE, SVI and positive SMs were independent prognosticators of biochemical recurrence (P < 0.05; Table 2 ). Also, Kaplan-Meier analysis showed a higher risk of recurrence for tumours of > 4 mL (Fig. 1A ), but this association was not apparent among organ-confined tumours with negative SMs (Fig. 1B) .
Subgroups were also analysed to examine the relationship between tumour volume and biochemical survival in low-risk patients (PSA level < 10 ng/mL, Gleason score ≤□6 and clinical stage T1c or T2a) [10] . In the cohort, 354 men met these criteria and 21 (5.9%) had cancer recurrence. Tumour volume did not correlate with biochemical recurrence-free survival on univariate or multivariate analysis. Of the 21 patients who had a biochemical recurrence, eight (38%) had ECE, three (14%) had SVI and 10 (48%) had a positive SM.
Discussion
With the increase in PSA screening, most men found to have prostate cancer currently present with clinically localized disease [5, 6] . Numerous studies, mostly done before the widespread use of PSA testing, have shown that preoperative PSA level, Gleason score, LNI, SM status and pathological stage are independent predictors of cancer recurrence after treatment with RP [10] . However, there has been an ongoing search for additional variables, such as tumour volume, to help predict which patients are at high risk of recurrence and might therefore benefit from adjuvant treatment [2, 4] . Nevertheless, the importance of tumour volume as an independent predictive variable remains controversial, especially given the recent stage migration that has occurred. In the present study of 856 patients, we found that tumour volume associated weakly with outcomes on univariate analysis, and that there was no evidence for tumour volume as a predictor of biological outcomes independent of prostate cancer stage, grade and PSA level. This conclusion also held true for patients who are considered at low risk of biochemical recurrence.
Studies in the PSA era analysing the effect of tumour volume on biochemical recurrence have yielded mixed results. In 2006, Nelson et al. [11] concluded that tumour volume was an independent predictor of PSA recurrence in 431 men treated by RP from 2000 to 2001. In that study, mean tumour volume associated with pathological stage and was significantly different between patients with and without recurrence (6.8 and 2.6 mL, respectively). On multivariate analysis, tumour volume as a continuous variable predicted biochemical recurrence. The results were not presented using tumour volume as a categorical variable or stratified by grade. In the present study with a larger cohort and longer follow-up, there was a greater risk of biochemical recurrence on univariate analysis for tumour volumes of > 4 mL. However, after adjusting for stage or grade, tumour volume was not significantly associated with progression as either a continuous or categorized variable.
Similarly, studies by Solomon et al. [12] and Kikuchi et al. [13] assessing the significance of tumour volume in clinically localized prostate cancer found that it added no independent prognostic information on multivariate analysis. Both studies had comparable mean and median tumour volumes to the present cohort, although the follow-up time was somewhat less. As in the present study, both groups showed that tumour volume (low or high) was not a predictor of PSA recurrence in a subset of low-risk patients.
Recent findings by Merrill et al. [14] in a large population undergoing RP for localized prostate cancer again confirmed this observation, finding that regardless of tumour volume, low-risk patients had a low rate of cancer progression. Notably, they found that tumour volume was a significant independent predictor of recurrence in patients with Gleason scores of ≥□7, although the sample size for this subgroup was small. Cheng et al. [15] reported that the maximum tumour diameter predicted biochemical recurrence and correlated with tumour volume in 364 patients, although the follow-up in that study was short (1.5 months to 2 years). By contrast, Van Oort et al. [16] reported no significant relationship between tumour volume and maximum tumour diameter with biochemical recurrence in high-risk localized prostate cancer, which is also consistent with our data.
A tumour volume of < 0.5 mL is often cited as a criterion, along with low Gleason score and stage, for defining insignificant prostate cancers [17] . In the present analysis we found no suggestion that tumours of < 0.5 mL but otherwise low-risk features (organ-confined, negative SMs, Gleason = 3 + 3) had any higher risk of recurrence than smaller tumours. Conversely, small tumours with higher grade or stage can show aggressive behaviour despite being small [13] . Based on our findings, tumour volume has limited value in predicting the clinical behaviour of localized prostate cancer, whether in the overall cohort or among those with otherwise low-risk features.
We recognize certain limitations of this study, most importantly that it was retrospective, and that tumour volume measurements were not available for all patients in the database. More than one pathologist reviewed the prostate specimens, which might have affected the reporting of tumour volume by visual estimation. In addition, the follow-up was limited in some men who have not recurred, particularly those diagnosed in the earlier years of the cohort. Lastly, all men in the current study had a RP and therefore were pre-selected based on certain risk features. Tumour volume could be a significant predictor in those men with more advanced disease, as reported previously, who were not well represented in this cohort [18, 19] .
In conclusion, in a contemporary cohort of men treated with RP for clinically localized disease, the risk of biochemical recurrence did not increase consistently with increasing tumour volume. There is no evidence that tumour volume predicts biological outcomes, independent of stage, Gleason grade and PSA level. Tumour volume should not be considered an independent marker of disease risk or prognosis in men with localized disease. Biochemical-free survival by tumour volume for a, all patients, and b, those with pT2 disease. 
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